Abstract As a temperature-sensitive non-Newtonian fluid, the seepage of heavy crude oil in porous media shows the non-linear characteristics. The flowing behavior of three heavy oils through porous media is experimentally investigated, and the influence of temperature and pressure-drop on this flowing process is also described. Thereafter, based on the flowing behavior of heavy crude oil, the new models of productivity of the thermal producers (including vertical well and horizontal well) are proposed. In these models, both the threshold pressure gradient (TPG) and thermal effect are taken into account. The flowing experiments of heavy oil in porous media indicate that the pressure gradient and temperature have the significant influence on the flowing process because of the existence of threshold temperature and TPG. Heavy crude oil begins to flow only when the pressure gradient is in excess of TPG, and there dose not actually exist TPG above the threshold temperature. The viscosity-temperature curves demonstrate that the viscosity of heavy crude oil has an obvious feature of two straight-lines on semilog coordinate. On account of the damage of overlapping phenomena of asphaltenes in crude oil, when temperature is higher than the critical temperature, the reducing trend of TPG (with the increase of temperature) will be lessened. Furthermore, on the basis of flowing process of heavy crude oil, the concepts of threshold temperature and certain production temperature of thermal wells are introduced. That heavy oil with a higher viscosity would have a higher threshold temperature, as well as the certain production temperature. The application of horizontal wells tremendously increases the oil recovery rate in comparison with the vertical wells. This investigation could be used as a tool to study the flowing process of heavy oil and productivity calculation of thermal wells in heavy oil reservoirs.
Introduction
The increasing energy demand is leading to the development of the very large world resources of heavy crude oils that are of the same order of magnitude than conventional oils. However, the production and transport of these oils are challenging because of their non-Newtonian flow characterization in reservoir. The rheology of heavy crude oil plays an important role in the flowing process of oil through porous media, and the rheological behavior of heavy crude oil is directly related to the development indexes, like well productivity and oil recovery (Chen and Lu 1990; Henaut 2003; Prada and Civan 1999) . High viscosity and high density are the most prominent properties of heavy crude oil, resulting in a major difference of rheology feature with the conventional oil. Under the reservoir condition, the flow of heavy oil through porous media is a non-linear seepage process. That makes it difficult for heavy oil to flow. In other words, the development of heavy oil reservoirs must meet two conditions: (1) oil could flow into the well bottom from reservoir; (2) oil could be lifted into the ground from well bottom continuously (Chen and Lu 1990; Alshmakhy and Maini 2011) . Therefore, changing the rheology properties in reservoir or in wellbore has become an essential work in order to improve the flowing ability of heavy oil and achieve a sustainable production.
Due to a large domain of applications, a number of experimental and theoretical studies have been concerned with the flow characterization for heavy crude oil flow through porous media. Traditionally, the studies of flow characterization and rheology of heavy crude oil mainly concentrate on the following three aspects. First, the composition of heavy oils, particularly the content of asphaltenes and resins, plays an important role for the flowing process of heavy crude oil, it is the leading cause of their high viscosity (Argillier et al. 2002; Schramm and Kwak 1988; Ovalles et al. 2011; Steinborn and Flock 1983) . Henaut et al. (2003) and Argillier et al. (2002) investigated the influence of asphaltenes and resins content on oil viscosity. Their experimental work revealed the existence of a critical concentration above which the asphaltenes particles overlap. This structural change dramatically increases the oil viscosity and intensifies the elastic character of heavy crude oil. It has been demonstrated that without resins, the viscosity would be even higher. By removing the asphaltenes from heavy oils, a reduction of 2-3 order of magnitude on the viscosity will be observed over all the temperature range (Schramm and Kwak 1988; Ovalles et al. 2011) . Generally, the viscosity of heavy crude oil could be reduced by the use of additive that can act as the modifiers of aggregation behavior of asphaltenes (Ovalles et al. 2011) . Second, the rheological property of heavy oil is closely related to the reservoir temperature. Heavy crude oil has a viscoelastic property while the temperature is low and behaves as a Newtonian fluid while temperature increases (Wang et al. 2006; Chen et al. 2005 ). The Bingham model is used to describe the flowing process of heavy oil in porous media by many researchers (Wu et al. 1992; Thomas et al. 1967; Pruess and Zhang 1990) . For Bingham fluid, heavy oil would not flow when stress is below the yield, and it would present the flowing characteristics of Newtonian fluid above the yield stress. The major difference between Bingham fluid and heavy oil is that the viscosity of heavy oil is dependent on temperature, and heavy oil is a temperature-sensitive Bingham fluid. Thomas et al. (1967) , Pruess and Zhang (1990) and Song et al. (2001) studied the threshold pressure gradient (TPG) of heavy crude oil in porous media. The third, many studies also indicated that the heavy crude oil is a thixotropic fluid with the shear shinning property (Wang et al. 2006; Govier and Fogurasi 1972; Rojas et al. 2008; Christos 2004) . Wang et al. (2006) investigated the flowing characteristics and rheology of Zaoyuan heavy oil. Their results show that the Zaoyuan heavy oil has a TPG and a thixotropic property in porous media. The shear stress of this oil decreases with the shear time. Rojas et al. (2008) proposed an expression combining the Power-Law model, Arrhenius equation, and the liquid crystal theory. It is used to explain not only the shear thinning phenomenon but also to estimate effectively complex viscosity in terms of frequency and temperature.
Moreover, the temperature-sensitivity of TPG of heavy crude oil should be taken into consideration. During the flowing process of heavy oil in porous media, it is necessary to raise the temperature for shifting the flow-state from nonNewtonian viscoelastic fluid to Newtonian fluid. This fluid transformation temperature is defined as the critical temperature. Therefore, the temperature of reservoir and wellbore should be kept above the critical temperature to exploit. Different type of heavy oil reservoir has different critical temperature. The determination of critical temperature plays an important role in the exploitation of heavy oil reservoirs.
The investigation in this study is concerned with the flowing process of heavy crude oil in porous media. Using the steady-state method, the relationship between displacement pressure-drop and flow rate is experimentally investigated in this paper. From the data generated in this process, the influence of oil viscosity, reservoir permeability and temperature on flow characterization of heavy crude oil is discussed. Also, the TPG and critical temperature of heavy oil is obtained.
Based on the seepage experiments of heavy crude oil in porous media, a new predictive model of thermal-wellproductivity (including vertical well and horizontal well) is also investigated. In this model, both the TPG and thermal effect of heavy crude oil are taken into consideration. From the calculation results of this model, we could obtain the threshold temperature and the certain-production temperature of thermal wells.
Experimental setup and procedure

Equipment and operation
The flowing experiments were carried out by injecting oil into sand-packed cores using a constant infusion pump (ISCO pump), as shown in Fig. 1 . This sand pack was fabricated from the standard, type-316 stainless-steel tubing and fitting, and had a 2.5-cm inside diameter and 35-cm length. The flow rate of this pump ranges from 10 -5 to 50 cm 3 /min. The pressure-drop between inlet-end and outlet-end of the cores was measured by a pressure sensor (absolute precision: 0.01 kPa) and recorded by a digital recorder. Before the flowing experiments, a Brookfield rotational viscometer is used for the oil viscosity measurement. In this study, about nine flowing experiments (three oils at three different permeability conditions) were performed.
Steady-state method was the most commonly employed as the test method of flowing characteristics. It had the great advantages of reliable data and high precision, although it was quite time-consuming. The experiments were carried out as described in the following. An artificially prepared sand-packed core sample was vacuumed prior to running experiments. Then, the core sample is saturated with distilled water. From the relationship of flow rate and pressure-drop measured in this process, the porosity and permeability of the core sample could be obtained. Afterwards, the oil injection process is performed to establish the oil saturation field at irreducible water condition. During this process, the furnace temperature is adjusted to the desired experimental temperature. When the heavy oil injected reaches 2-3 pore volumes, it could be supposed that the single-phase flow process of heavy oil has been achieved. Then, the flow test is started. The injection flow rate of the infusion pump is adjusted gradually from a small value to the desired higher value. At each flow rate, the pressure differences across the core sample are measured after a steady flow condition is attained. The adequate equilibrium time (5-10 h) should be guaranteed to assure the precision of measurement.
Material
The heavy oil samples used in the experiments were the dead oils obtained from three thermal horizontal wells in Karamay oilfield, denoted as Well #13161, 13121, and 13041. Before operation, these three oil samples were filtered with a stainless steel meshes (pore diameter: 0.045 mm) below the temperature of 80°C to remove the sandstone and mechanical impurities. After that, an automatic crude oil dehydrating device is used for the oil dehydrating. Sand is the quartz sand with uniform grain size and good abrasion (80-mesh, 120-mesh, and 160-mesh) . This sand has a good thermostabilization, and there is no chemical reactions occurred within 400°C. The processed oils were used for component analysis, viscosity-temperature measurement and rheological behavior measurement.
Flow characterization of heavy oil
Currently, the experiments of heavy crude oil through capillary tube and porous media are the most commonly used as the test experiments of flow characterization. The former is based on the assumption of capillary tube bundles. In capillary tube models, the reservoir rock is supposed as a pore space with multi capillary tube, and it is an ideal flowing process. Thus, the flowing experiments of heavy oil in porous media offer a genuine opportunity for the flow process in reservoir.
Flowing experiments of these three oil samples were performed in porous media under the different permeability conditions. Figures 2, 3, 4, 5, 6, 7, 8, 9 , 10 and 11 present the experimental data and the results of fitting model. As shown, the pressure gradient increases with the rise of flow rate, which approximately keeps a linear relationship. The experimental results have been correlated by regression with a linear equation. From these straight lines, the TPG of heavy crude oil under different flowing conditions could be determined.
Figures 2, 3 and 4 present the flowing experiment results of oil #13161. As shown, for a given permeability, with the increase of flow rate, the pressure gradient of core shows an increasing-trend. With the rise of furnace temperature, both the oil viscosity and the pressure-drop will be decreased. From Fig. 2 , it is indicated that the TPG of heavy oil #13161 at the temperature of 30 and 55°C are 0.202 and 0.002 MPa/m, respectively (the intercept of the corresponding straight line). While the temperature increased to 70°C, the TPG of this oil will fall to zero. By the method of linear interpolation, we get the temperature breakpoint of this oil is about 58°C. When the permeability of porous media is reduced to the mid-permeability condition (K = 3,660 9 10 -3 lm 2 ), the TPG of this oil at the temperature of 30°C has increased to 0.784 MPa/m, about 3-4 times than the high-permeability condition. It falls to zero at 80°C, and also we could obtain that the temperature breakpoint of this oil at mid-permeability condition is about 72°C. In a similar way, it is calculated the temperature breakpoint at low-permeability (K = 1,320 9 10 -3 lm 2 ) condition is about 85°C.
The flow characterization of oil #13121 and 13041 is shown in Figs. 5, 6, 7, 8, 9 and 10. Analogously, from these figures, the TPGs of these two oils at different temperature and the temperature breakpoints can be obtained. For oil #13121, the temperature breakpoints at these three permeability conditions are 57, 65 and 82°C, respectively. From the test results of oil #13041 (Figs. 8, 9 , 10), it is indicated that the TPG of this oil at the high-permeability condition does not exist, and it do not exist the temperature breakpoint. Inversely, the temperature breakpoints of In addition, uncertainty evaluation is a crucial part for the linear regression. Therefore, the uncertainties of slope (a) and intercept (b) of this linear regression are estimated according to the formulas below:
where (x i , y i ) represents the experimental data point; ŷ i is the predicted value according to the fitting equation; n is the number of experimental data; x is the arithmetical mean value of the variable, x i ; u ðaÞ and u ðbÞ are the uncertainties of the slope and intercept for the linear regression. As shown, the slope uncertainty of this linear regression is significantly less than that of the intercept. In comparison with intercept, the slope is much more reliable. In addition, it is indicated that the values of u (a) and u (b) show much higher for the cases of low-temperature conditions. And with the increase of temperature, the uncertainty is reducing yet and the accuracy is increased. The average value of u (a) is about 0.046, and the u (b) is about 0.545. Generally, it is within the margin of error, and the accuracy is reliable.
On account of the non-Newtonian behavior of heavy oil, especially for the cases at low-temperature condition, the relation between displacement-pressure-drop and flow-rate is not a rigorous linearity. Also considering the precision limitation of experimental equipments (e.g., pressure sensor, ISCO pump), it will show a higher experimental uncertainty at the low-temperature condition. As a final result, the slope and intercept of the linear regression also show a high uncertainty. From Table 1 , it is also concluded that there will present a higher uncertainty at the lowpermeability condition, in comparison with the cases of high-permeability porous media. In addition, as shown, the uncertainties of oil #13041 are lower than that of the oil #13161 and #13121. That mainly results from the lower viscosity of oil #13041 at the same temperature condition. Figure 11 shows the viscosity-temperature curves of these three oils from the Brookfield rotational viscometer. As shown, oil #13041 is the ordinary heavy oil of type II, and the other ones (#13161 and #13121) are the extra heavy oil type. It is observed that the viscosity-temperature curves of oil #13161 and #13121 have the obvious property of two straight lines with the different slopes on semilog coordinate. The first-line slope is much higher than that of the second line. The intersection point of these two lines is defined as the turning point of temperature. It differs from the temperature breakpoint from the flowing experiments of porous media. The turning temperatures of oil #13161 and #13121 are about 52 and 56°C. They are much smaller than that of the flowing experiments, which is resulted from the different rheological properties in different measuring conditions (Yang and He 2003) . Traditionally, the apparent-viscosity of crude oil from the rotational viscometer is the lowest. Compared with it, the apparent-viscosity in capillary tube is a little increased, and the apparent-viscosity in porous media is the highest. For that porous media with a lower permeability, this phenomenon is much more distinct. Thus, the temperature breakpoint of heavy crude oil is also increased accordingly under a lower permeability condition. The oil rheological features in porous media (including the natural core and the sand pack) are of practical significance in the oilfield development.
Based on the results of flowing experiments, the TPG of heavy crude oil under different conditions could be obtained when the non-Newtonian flowing characteristics is taken into consideration, as shown in Figs. 12, 13 and 14. With the rise of oil viscosity, the TPG of heavy oil is increased gradually. Also the influence of temperature on crude oil with a high-viscosity is more distinct than the low-viscosity oil. For the heavy crude oil #13161, the TPG is reduced by about 70 % when the furnace temperature is increased from 30 to 40°C. However, for the oil #13041, the TPG is only reduced about 40 % when the furnace temperature is increased from 30 to 40°C.
Besides from the Figs. 12 and 13, it is indicated that there exists an obvious breakpoint of temperature for heavy oil #13161 and #13121, about 40°C. When the temperature is lower than 40°C, the reducing trend of TPG with the increase of temperature is much remarkable. On the contrary, when the temperature is higher than 40°C, the influence of temperature on the TPG of heavy crude oil has been weakened. This breakpoint could be explained as the critical temperature of asphaltenes. When temperature is higher than this critical temperature, the overlapping phenomena of asphaltenes in crude oil will be destroyed (Argillier et al. 2002; Ovalles et al. 2011) . As shown, this breakpoint mainly depends on the oil components and is not relevant to the reservoir properties (including porosity, permeability, etc.). For the oil #13041, there is not an obvious temperature breakpoint. Under the high-permeability condition (K = 9,180 9 10 -3 lm 2 ), The TPG does not exist, but with the decrease of permeability, the TPG phenomenon of crude oil emerges gradually. With the increase of temperature, the TPG of crude oil is reduced. Therefore, the TPG of heavy crude oil is not only relevant to the reservoir properties (porosity, permeability, temperature, etc.), but also has a lot to do with the oil components.
Evaluation of flowing ability for thermal producers
Evaluation method of vertical well
Nine-spot pattern is the relatively common pattern type of steam flooding in heavy oil reservoirs. In comparison with the other well patterns, the controlling area of nine-spot pattern is much larger. As Fig. 15 shown, L is the welldistance of injector and edge-well of nine-spot pattern. S is the controlling area of injector, and the equivalent diameter of circular control area is R e .
From Fig. 15 , the controlling area of injector in ninespot pattern appears as:
Therefore, the equivalent diameter of circular control area can be expressed as following:
The flowing characteristics of heavy oil show that the existence of TPG is a crucial feature of the flow of heavy crude oil through porous media and capillary tube. When pressure gradient of heavy oil is in excess of the TPG, it could resume the flowing status. The motion equation for heavy oil in porous media is given as follows: ṽ ¼ 0 while dp dr \k; and ṽ ¼ À K lðTÞ dp dr À k while dp dr
where, K represents the permeability of porous media, k is the TPG, l(T) is the viscosity of heavy oil. For the vertical wells, when the TPG is taken into consideration, the well productivity should be corrected as:
By the separate variable method, integrating the above formula, it is obtained:
Equation (8) is the new model of vertical-well productivity, and it considers the influence of TPG and thermal effect of heavy crude oil on well productivity. This model could be used for the productivity evaluation of thermal vertical well.
Evaluation method of horizontal well
For the thin reservoirs, the application of horizontal wells is more economical and effective. The contact area of horizontal well and reservoir is larger than vertical well, and single-well productivity of horizontal well is also increased. Considering this situation, thermal horizontal well has become an important tool for the EOR of heavy oil reservoirs. Based on the assumption of elliptical drainage volume, Joshi transforms the 3D flowing of horizontal wells into 2D flowing of vertical plane and horizontal plane (Joshi 1988) . The well productivity model of horizontal wells in homogeneous reservoirs is given by:
In Eq. (9), L/2 is the half-length of horizontal segment, it equals a half of the focus in elliptical drainage volume.
According to the relation of this circle-control-area and the ellipse-control-area, the horizontal-well drainage radius, R e , is calculated.
From Eq. (11) and (12), we could obtain the expression of a in Eq. (9), as the Eq. (10) shown.
Joshi model could be used for the single-phase flowing process in isotropic reservoirs. For heavy oil reservoirs, the influence of TPG and thermal effect on the productivity of horizontal wells should be taken into consideration (Owayed and Tiab 2008; Wu and Pruess 1998) . Therefore, the productivity model of horizontal wells in heavy oil reservoirs could be corrected by:
Equations (8) and (13) are the new productivity models of thermal producers. This model has fully considered the influence of TPG and thermal effect on well-productivity. Therefore, when only the thermal well type is considered, the relationship between vertical-well-productivity and horizontal-well-productivity could be given by:
Flowing ability of thermal wells
Based on the flow characterization of heavy crude oil in porous media, according to the new productivity models of thermal well, the production statement of thermal wells is investigated. For vertical wells, these parameters are employed. The thickness of oil layer is 6 m, and the permeability in horizontal direction is 3,200 9 10 -3 lm 2 . The well-distance between injector and producer is 80 m. The wellbore diameter is 0.060 m. We calculate the threshold temperature of heavy oil in vertical wells (open dots) and the certain-productivity temperature of vertical wells (filled dots) at different displacement pressure-drop conditions (the productivity of single vertical well is about 1 m 3 /day). The results are listed in Figs. 16, 17 and 18. The well productivity of thermal horizontal wells could be calculated according to the Eq. (10). For horizontal wells, these parameters are employed. The drainage area of horizontal well is 4. As shown, for vertical wells and horizontal wells, with the increase of displacement pressure-drop, the threshold temperature (or the certain-productivity temperature) shows a reducing trend. For the certain productivity temperature, a logarithmic relationship between displacement pressure-drop and temperature could be observed in these three oils. For the heavy crude oil #13161 and 13121, the threshold temperature also shows a logarithmic relationship with the displacement pressure-drop. However, as the Figs. 18, 19, 20 and 21 shown, for the heavy crude oil #13041, the threshold temperature and displacement pressure-drop show an exponential relationship.
Besides the influence of reservoir geological properties, the well productivity is mainly related to the oil viscosity and displacement pressure-drop whether for the vertical wells or the horizontal wells. As the Eqs. (5) and (10) shown, a lower oil viscosity and a higher pressure-drop will generate a bigger productivity. From Fig. 11 , the viscosity sequence of these three oils at a given temperature is:
For the relationship of temperature and displacement pressure-drop in vertical wells (Figs. 16, 17, 18) , the threshold temperature (or the certainproductivity temperature) of oil #13161 is the highest among the three oils. The next is the oil #13121, and oil #13041 is the lowest. It is significantly related to the flowing characteristics of each one in porous media. Likewise, for the horizontal wells (Figs. 19, 20, 21) , the threshold temperature (or the certain-productivity temperature) sequence of these three oils is similar to the vertical wells. From #13161 to #13041, the threshold temperature (or the certain-productivity temperature) of thermal wells reduces gradually. Under the same conditions of temperature distribution and displacement pressure-drop, the single-well productivity with a low oil viscosity (#13041) is the highest. In addition, for thermal wells, changing the well-distance between injector and producer or well pattern, we could obtain the single-well productivity at different conditions according to the Eqs. (8) and (13). Besides, from Eq. (14), the productivity differences of different well types at the same reservoir or development conditions could be also obtained. Thus, based on the described reservoir above, the predictive results show the productivity of horizontal well is about 3.09 times than vertical well. The application of thermal horizontal wells tremendously enhanced the oil recovery in heavy oil reservoirs.
Conclusions
1. Heavy crude oil is a low-temperature non-Newtonian fluid, and there exists a temperature breakpoint of flow-state transformation. The flowing of heavy oil in porous media is closely related with the temperature and pressure gradient, and there exist the TPG and threshold temperature for heavy oil during the flowing process. Heavy crude oil begins to flow only when pressure gradient is in excess of TPG. There dose not exist the TPG above the threshold temperature.
2. The curve of viscosity-temperature for heavy oil is different from the light oil, and it has the obvious property of two straight lines on semilog coordinate. The intersection point of these two lines is defined as the turning point of temperature. It differs from the temperature breakpoint from the flowing experiments of porous media.
3. With the rise of oil viscosity, the TPG of heavy oil is increased gradually. Also the influence of temperature on crude oil with a higher viscosity is more distinct than the low-viscosity oil. There exists a critical temperature. When the temperature is higher than the critical temperature, the reducing trend of TPG with the increase of temperature will slow down. That results from the damage of overlapping phenomena of asphaltenes in crude oil.
4. A new well-productivity model is established, and it considers the influence of TPG and thermal effect of heavy crude oil. It is indicated that the heavy crude oil with a larger oil-viscosity will have a higher threshold temperature (or the certain-productivity temperature) under a given displacement pressure-drop condition. And that heavy crude oil with a higher temperature will also require a low displacement pressure-drop under a given productivity.
5. In comparison with vertical wells, the application of horizontal well enlarges the contact area of wellbore and reservoirs, and it tremendously increases the oil recovery rate. Under the similar condition, the productivity of horizontal wells is about 3.09 times than that of the vertical well. 
